It is well known that nodule bacteria which exist symbiotically with their specific host leguminous plants are included in the Rhizobiaceae family. Previously, the family Rhizobiaceae were classified into Rhizobium and Bradyrhizobium (Jordan, 1982 (Jordan, , 1984 . These two genera are able to be distinguished not only by host specificity but also by growth speed and alkaline production on YM medium (Jordan, 1984) . Sequence analysis of the 16S rRNA gene has provided more detailed information on the classification of Rhizobiaceae (Rumjanek et al., 1993; Young et al., 1991) . Recently, Rhizobiaceae has been grouped into 6 different genera Rhizobium, Bradyrhizobium, Azorhizobium, Allorhizobium, Mesorhizobium, and Sinorhizobium (Sadowsky, 2000) ; lately, Agrobacterium was added in the genus Rhizobium (Young et al., 2001 ).
Nodule morphology is not always the same in all rhizobia and host plant combinations (Hirsch, 1992) . In general, Rhizobium and Sinorhizobium induce indeterminate type nodules, which possess an apical meristem at the tip of the nodule (Vasse et al., 1990) , whereas Bradyrhizobium induces a spherical determinate type nodule (Newcomb and McIntrye, 1981; Rolfe and Shine, 1984) . However, Mesorhizobium induces determinate type nodules on Lotus (Jiang and Gresshoff, 1997) , but indeterminate type nodules on Astragalus (Schauser et al., 1999; Wdowiak et al., 2000) .
It is known that the infected bacteria in the host leguminous roots via root hairs or root surface cracking, differentiate to bacteroids. Most of bacteria belonging to Rhizobiaceae are able to fix nitrogen only when they differentiate to bacteroids in the host plant cells. The typical determinate type nodules contain plural bacteroid cells in one symbiosome, whereas the indeterminate type nodules contain one bacteroid cell per symbiosome (Bergersen, 1974; Newcomb and McIntrye, 1981) .
In this report, we tested 25 strains isolated from yam bean nodules grown in The Philippines and several Latin American countries on nodulation and nitrogen fixation, and analyzed 16S rDNA sequences. Then, two distinct strains belonging to different genera of Rhizobiaceae were selected and examined in detail concerning more characters of the symbiosis with their original host plant, the yam bean.
Materials and Methods
Bacterial strains and culture conditions. The geographic origin and sources of the isolates from yam bean root nodules are listed in Table 1 . Yeast extractmannitol (YM) medium (Keele et al., 1969) was used for growth and maintenance, and tryptone-yeast extract (TY) medium (Beringer, 1974) was used for DNA isolation. To measure the generation time, the strains were cultured in both TY and YM broth with shaking at 28°C. Cell growth was automatically monitored by measuring the turbidity increase at 660 nm with a BioPhotorecorder (ADVANTEC Co., Ltd., Tokyo, Japan). Escherichia coli was grown aerobically at 37°C in Luria-Bertani (LB) medium (Sambrook et al., 1989) supplemented with appropriate antibiotics. 
Plant material. Yam bean seeds were kindly supplied by Dr. Achara Nuntagij, Department of Agriculture, Thailand. For aseptic germination, yam bean seeds were acid scarified by shaking for 5 min in 97% sulfuric acid, followed by rinsing with sterile distilled water. Then seeds were surface-sterilized with a disinfectant solution (0.2% formaldehyde, 0.1% mercuric chloride, and 99% ethanol (1 : 1 : 1 v/v)) for 10 min and sufficiently rinsed with sterile distilled water. The seeds were placed on sterile moistened double-layered paper towels in a petri dish and allowed to germinate at 25°C for 3-4 days in continuous dark. Germinated seeds (about 1.5 cm in root length) were aseptically transplanted in nitrogen deficient agar slants (Fåhraeus, 1957) and cultured under conditions of 14-h light (150 mEs)/10-h dark at 25°C for 30 days. The transplanted seedlings were inoculated with bacterial suspension, 10 7 cells/seedling.
Nodulation test and acetylene reducing activity (ARA).
The nodulation ability of each isolated strain was tested on the host plant (yam bean) as reported previously (Higashi and Abe, 1980) . The inoculated seedlings were grown under controlled environmental conditions (described above). After nodulation, the whole plant was used for measuring the ARA (Hardy et al., 1968) , then the total plant dry mass, and nodule numbers and weight were recorded for each plant.
DNA isolation. Total genomic DNAs of the isolates from yam bean root nodules were extracted from the exponentially growing bacteria in TY medium by the modified method of Masterson et al. (1985) . The recombinant plasmid carrying 16S rRNA gene of the isolates were prepared from E. coli by the alkaline lysis method (Birnboim and Doly, 1979) and further manipulations were performed according to established procedures (Sambrook et al., 1989) with some modifications. Extracted DNA was finally purified by precipitation using polyethylene glycol, if necessary.
PCR amplification and sequencing for 16S rRNA gene. Sequence comparisons of the ribosomal RNA (rRNA) gene have become the standard method for assessing phylogenetic relationships among bacteria (Olsen et al., 1994) . A part of the 16S rRNA gene was amplified by PCR under the same conditions reported by Young and Eardly (1991) . The amplified fragments (approximately 300 bp) were directly cloned into vector plasmid pCR2.1 (Invitrogen, Groningen, The Netherlands) and the sequences of the insert DNAs were analyzed by the dye terminator cycle sequencing method (Dye Terminator Cycle Sequencing Kit, Applied Biosystems Japan Co., Ltd., Tokyo, Japan). The full length sequence of the 16S rRNA gene was analyzed by the protocol edited by Nakagawa and Kawasaki (2001) .
Sequencing results were managed by Gene Works program (IntelliGenetics Inc., El Camino Real Mountain View, USA), and CLUSTAL W program (Ver. 1.8) was used to construct a phylogenetic tree by the neighbor-joining method (Saitou and Nei, 1987) .
Preparations for microscope observation. To prepare the specimens for field-emission scanning electron microscopy (FE-SEM 4100H, Hitachi Ltd., Tokyo, Japan), nodules were sectioned longitudinally and/or transversely through the central position and fixed overnight with 2.5% glutaraldehyde in 50 mM sodium cacodylate buffer (pH 6.5) at 4°C. Further preparations were carried out as in a previous report (Abe et al., 1998) .
To observe the ultrastructure of nodules by transmission electron microscope (H600S, Hitachi Ltd., Tokyo, Japan), the nodules from 30-day-old nodulated plants were excised and fixed immediately with 2.5% glutaraldehyde overnight at 4°C, postfixated with 1.0% osmium tetraoxide in 50 mM sodium cacodylate buffer (pH 6.5) for 3 to 4 h at room temperature, and dehydrated in an ethanol series. After dehydration, ethanol was replaced with glycidyl-n-butyl ether, after which the specimens were embedded in Spurr's resin. After polymerization at 65°C for 3 to 4 days, the embedded specimens were trimmed and sliced into ultrathin sections with an ultramicrotome (Leica Microsystems, Bensheim, Germany). The sections were mounted on grids and stained with 2% (w/v) uranyl acetate, then 0.4% lead citrate prior to observation.
For the specimens for light microscopy, fixed nodules were treated by following the protocol published elsewhere. Sections were stained with 0.5% hematoxylin in 100% ethanol, 1.0% safranine in 50% ethanol, 1.0% fast green in 90% ethanol, and observed under a light microscope (Nikon, Tokyo, Japan).
Results

Genetic diversity of yam bean root nodule bacteria
Ten strains were randomly selected from 25 strains of yam bean root nodule bacteria, and decoded by partial sequence (approx. 300 bp) analysis of the 16S rRNA gene. Homology search was performed against DDBJ (DNA Data Base Japan) using the partial sequence. Strain YB4 and strain JEYF11 indicated high homology with Rhizobium gallicum and Rhizobium tropici, respectively. Strains EC201-1, EC503-1, JEYF5, and JEYF20 indicated high homology with Rhizobium leguminosarum and Rhizobium etli. On the other hand, strains YB2, PAC24, PAC29, and PAC50 indicated high homology with Bradyrhizobium japonicum and Bradyrhizobium elkanii. These results of homology search suggest that the isolates belong to two different genera of Rhizobiaceae, Rhizobium and Bradyrhizobium (Table 2 ). For representative two strains, YB2 and YB4, a phylogenetic tree was constructed based on the nearly full sequences of 16S rRNA genes (approx. 1,315 bp) using the neighborjoining method of the CLUSTAL W program (Fig. 1) . In the tree obtained, strain YB4 formed a cluster with Rhizobium gallicum and strain YB2 formed a cluster with Bradyrhizobium elkanii.
General and symbiotic characteristics of yam bean root nodule bacteria
All strains listed in Table 1 were confirmed by nodulation on yam bean roots ( Table 2 ). The generation time of two selected strains (YB2 and YB4) was measured. The values were clearly different between the strains. Strain YB4 was fast growing and strain YB2 was slow growing (Table 3 ). This result was quite consistent with the phylogenetic classification, i.e., the fast-growing strains belong to the Rhizobium group and the slow-growing strains were of the Bradyrhizo- bium group (Fig. 1) . The optimum temperature for growth of both strains was at 28°C. The strain YB2 (Bradyrhizobium group) preferred somewhat alkaline conditions (pH 6.5-8.5), whereas strain YB4 (Rhizobium group) preferred rather acidic conditions (pH 4.5-6.5).
The nodules on yam bean roots became visible approximately 14 days after inoculation. The early nodules were observed on the first to third emerged lateral roots. The morphology of the formed nodule was smooth and spherical, indicating typical determinate type (Figs. 2, 3) . The tuber on the taproot and nodules on the lateral roots were observed on the same root system at 80 days after planting (Fig. 2) .
The acetylene reducing activity of the nodulated plants for both strains YB2 and YB4 was relatively high among the 25 tested strains. The nodule number may not always correlate with nitrogen fixation activity ( Table 2) .
The characters of strains YB2 and YB4 are summarized in Table 3 . Figure 3 shows the nodule morphologies formed by the strains YB2 (A, B, C) and YB4 (D, E, F). Both nodules were confirmed as determinate type, i.e., spherical shape (A and D) and apical meristems were invisible at the nodule apexes (B and E). In the infection zone, the nodule cells were filled with many bacteroids (C and F). There was no difference in nodule morphology induced by either strain.
Morphological observation of yam bean nodules
Strains YB2 and YB4 infect yam bean roots through root hairs via infection thread formation (data not shown). Transmission electron microscopy of the yam bean nodules indicated that distinct infected cells (IC) and uninfected cells (UIC) were distributed in the infec- tion zone (Fig. 4) . IC were filled with a large number of bacteroid cells, whereas there were no bacteroids in the UIC (Fig. 4, A and C) . Two types of symbiosome, depending on the strains, were contained in the IC. In the strain YB2 (Bradyrhizobium-type), the symbiosome contained plural bacteroid cells within a single peribacteroid membrane. In contrast, in nodules for strain YB4 (Rhizobium-type), each symbiosome contained only a single bacteroid (Fig. 4, B and D) . The bacteroid cells of both strains were about 10% longer than free-living cells (Table 3) .
Discussion
The genetic diversity among a collection of root nodule bacteria of yam bean (P. erosus) from various countries was revealed by analysis of the 16S rRNA gene. Root nodule bacteria belonging to Rhizobiaceae can be divided into six genera, i.e. Rhizobium, Bradyrhizobium, Mesorhizobium, Sinorhizobium, Allorhizobium, and Azorhizobium (Sadowsky, 2000) . From the result of homology search on partial sequences of the 16S rRNA gene, the root nodule bacteria of yam bean could be divided into two different groups as Rhizobium-type and Bradyrhizobium-type; strains YB4, JEYF5, JEYF11, JEYF20, EC201-1, and 188 FUENTES et al. Vol. 48 Fig. 4 . TEM observation of symbiotic area of P. erosus nodules. The cells in the symbiotic area, infected cells (IC) were close together with a couple of uninfected cells (UIC) (A, C). The symbiosome of the strain YB2 nodule was plural-type (B) while the strain YB4 nodule exhibited singular-type (D). BD, bacteroid; CW, cell wall; PBM, peribacteroid membrane.
EC503-1 were Rhizobium-type, and strains YB2, PAC24, PAC29, and PAC50 were Bradyrhizobiumtype. As the representative strains of the each type, strains YB2 and YB4 were investigated further. The analysis of almost full sequences of the 16S rRNA genes revealed the close relation between strain YB2 and Bradyrhizobium elkanii, and between strain YB4 and Rhizobium gallicum (Fig. 1) . The difference in generation time of strain YB2 and YB4 was quite consistent with the difference between Rhizobium-type (fast growing) and Bradyrhizobium-type (slow growing) ( Table 3) . Though further analyses are required, the presence of bacteria which belong to different genera in the same host nodule might be a result of genetic diversification and adaptation of the bacteria to their environments. There are similar examples, which come from tropical legume nodules (Haukka et al., 1998; Nuntagij et al., 1997) . The symbiotic genes might transfer from strain to strain, so-called horizontal gene transfer as reported by several investigators (Louvrier et al., 1996; Strain et al., 1995; Urtz and Elkan, 1996) .
For many Rhizobium strains, the symbiotic genes are located on plasmids (Long and Atkinson, 1990) , which probably increase the possibility of their transfer in the rhizosphere. At this moment, no plasmid DNA could be observed from either strain YB2 or YB4 (data not shown). It is reported that a "symbiosis island" existing on the chromosome of Mesorhizobium loti, instead of a symbiotic plasmid, might transfer among different genera (Sullivan and Ronson, 1998) . It may also happen on the yam bean strains. It is apparent that additional molecular genetic elucidation will be required to clarify the cause of the diversity of the root-nodule bacteria of yam bean. This might make it possible to discover the gene-transferring mechanism between two different genera.
The infection process in yam bean was investigated in this study and the differentiation of nodules was coupled with infection thread formation (data not shown). Nodules formed on the yam bean roots were the spherical determinate-type independent of the genera of the inoculants (Fig. 3) . That difference in nodule morphology might result from host plant characteristics, whereas the number of bacteroids in a symbiosome varied for the strains YB2 and YB4 (Fig. 4) . It has been known that the typical determinate-type nodules contain plural-type symbiosomes; on the other hand the indeterminate-type nodules contain singulartype symbiosomes (Bergersen, 1974; Newcomb and McIntrye, 1981) . It is conceivable that bacteroid existence in the symbiosome may depend on bacterial character.
The central tissue of nodules called the infective zone comprises two cell types which are IC and UIC next to each other (Newcomb and Tandon, 1981; Selker and Newcomb, 1985) . The function of the UIC of the nodule is thought to be transport of nitrogen fixation products in the IC (Bergmann et al., 1983; Newcomb and Tandon, 1981; Nguyen et al., 1985) .
Many tropical legumes assimilate fixed nitrogen in nodules as the ureides, allantoin and allantoic acid. The synthesis of ureides from ammonia exported from bacteroids is complex and involves both the surrounding infected plant cell and adjacent UIC (Atkins and Smith, 2000) . The nodule structure of yam bean was composed of IC and UIC surrounding the infected cells (Fig. 4) . It is necessary to know the transport pathway of nitrogen fixation in the yam bean plant. It is supposed that there must be a transport system similar to that known in other leguminous plants (Atkins, 1991) . Moreover, it might be an interesting finding of yam bean that nodulation occurs only on lateral roots, while tuber develops on the taproot, simultaneously (Fig. 2) . The tubers might use nitrogen-fixing products from mature nodules and photosynthate from leaves as nutrient sources for storage.
